Although Neisseria gonorrhoeae can use haem as the sole exogenous iron source for growth in vitro, the mechanism of haem-iron uptake in the gonococcus is unknown. Two haemin-binding proteins (HmBPs) of 97 and 44 Kda were isolated by batch ligand affinitychromatography from whole cells or total membranes of gonococci grown under iron-limited conditions but not from those grown under iron-sufficient conditions. Competition binding experiments indicated that the haemin-protein interaction was specific ; only haemin or haem-containing proteins, such as human haemoglobin or equine cytochrome c1 1, but not protoporphyrin IX, iron loaded human transferrin or lactoferrin, could abrogate binding. Identical HmBPs were isolated from three other clinical gonococcal strains, suggesting that these may be interstrain structural and functional homogeneity amongst these polypeptides.
Introduction
Bacterial pathogens encounter a hostile iron-restricted milieu in man. Iron is bound to the ironbinding glycoproteins lactoferrin (Lf) and transferrin (Tf) in exocrine secretions and the intravascular compartment, respectively, or is sequestered intracellularly as haem-containing proteins, such as haemoglobin and cyto~hromes.'-~ This limits the availability of free iron to levels below that required to support microbial growth. 1-3 However, bacteria have evolved high-affinity iron-acquisition mechanisms designed to surmount this nutritional restriction. One such system, present in Escherichia coli, comprises the elaboration of siderophores that chelate external iron followed by binding to their cognate receptor and subsequent internali~ation.~ In contrast, Neisseria gonorrhoeae, a genital mucosal pathogen, produces no siderophores. This organism utilises a receptor-mediated mechanism to acquire iron from lactoferrin and transferrin,6v in which the initial step involves binding of the iron-loaded ligand to a specific cell-surface receptor. Although haem and haem-containing proteins can support the growth of N . gonorrhoeae in vitro,8y the method of iron uptake from these compounds is not known. With the assumption that haem-iron uptake involves a mechanism analogous to that of lactoferrin and transferrin iron uptake, the aim of this study was to identify haem-specific binding proteins in N . gonorrhoeae that might constitute the initial components in the haemiron uptake pathway. 
Materials and methods

Bacterial strains and growth conditions
Four clinical isolates of N . gonorrhoeae, kindly provided by R. Brunham (University of Manitoba), were used in this study. They were isolated from patients with pelvic inflammatory disease (strains PID543 and PID6 1 9 , disseminated gonococcal infection (strain W003) and uncomplicated urethritis (strain W 175). All isolates expressed the protein 1 A serotype and all except strain PID615, which was a prolinerequiring auxotroph, were prototrophs. Strains were maintained as stock cultures by freezing at -70°C in skimmed milk and were subcultured once on heatedblood ("chocolate") agar (CA) at 37°C in C 0 2 5% in air before use. Growth experiments were conducted as described previously.6
Chemicals and iron compounds
Lithium dodecyl sulphate (LDS) 3, 3', 5, 5'-tetramethylbenzidine (TMBZ), haemin-agarose, bovine haemin (bHm), human haemoglobin (hHb) A, equine cytochrome c1 1, protoporphyrin IX, ironloaded human lactoferrin and iron-loaded human transferrin were obtained from the Sigma Chemical Co., St. Louis, MO, USA. Desferroxamine (DF) was from Ciba-Geigy Canada Ltd, Mississauga, ON, Canada. Except for bovine haemin, which was dissolved in a small volume of 0.01 M NaOH, and protoporphyrin IX, which was dissolved in dimethyl sulp hoxide, all the iron-containing compounds were solubilised in deionised water immediately before use. 
Membrane preparation
Total membranes were prepared, as previously described,' from cells grown in iron-replete (SJ-GC medium l o alone), and iron-limited (SJ-GC medium containing 5 0 p~ DF) conditions, and from cells in which either bHm (SJ-GC medium plus 5 0 p~ D F and 12 p~ bHm) or iron (SJ-GC medium containing 50 p~ D F and 100 p~ Fe(N03)3) served as the sole exogenous iron source. The addition of D F to the medium created an iron-restricted milieu since gonococci cannot use iron chelated to DF.9 Fractionation of total membranes into inner-and outer-membrane components was achieved by two methods: (1) a modification of the isopycnic sucrose density gradient method of Godfrey et af.," in which the reducing agent dithiothreitol was omitted from the procedure ; 
Afinity-pur8cation of membranes for haeminbinding proteins
Haemin binding-proteins (HmBPs) were isolated by ligand affinity-chromatography with a batch affinity method. Gonococcal membranes (1 mg/ml in 50 mM Tris-HCl, IM NaCl, pH 8.0) were incubated with 20 pmol haemin-agarose at 37°C for lh. Binding was performed in high ionic conditions to prevent nonspecific ionic interaction between the proteins and the affinity resin. The membrane was subsequently solubilised by the addition of disodium edetate and Sarkosyl NL30 to a final concentration of 10 mM and 0.75%v/v, respectively, for 30 min at 25°C. The mixture was then centrifuged at 750 g for 5 min and the supernate was discarded. The pelleted ligand affinity gel was then washed three times with one of the following regimens: (a) a low salt wash of 50 mM Tris-HC1 and 1 0 0 m~ NaCl, pH 8.0; (b) a high salt wash of 50 mM Tris-HCl and 1 M NaCl, pH 8.0; or (c) 5 0 m~ Tris-HC1 and 1 M NaCl, pH 8.0, containing serial two-fold increasing concentrations of guanidine HCl (Gn HCl) from 250 mM to 2 M. Each of the washes included sodium edetate (5 mM final concentration) and Sarkosyl NL30 (0.5% final concentration). After a final low salt wash without sodium edetate or detergent, bound proteins were eluted by the addition of 200 pl of sample buffer (0.5 M Tris-HC1, pH 6.8, sodium dodecyl sulphate [SDS] 2%, bromophenol blue 0-05%, glycerol 30%) and boiling 100°C for 5 min. The sample was placed on ice for 1 min and then centrifuged at 750g for 5 min. The supernate was transferred to a clean Eppendorf tube. Subsequently lop1 of it was electrophoresed on a polyacrylamide 12%-SDS gel.
Whole-cell binding assay
For the whole-cell binding assay, organisms from "chocolate" agar cultures incubated at 37°C for 12-14 h in the presence of C 0 2 5% were suspended in SJ-G C broth with and without 5 0 p~ DF to an initial optical density of 10 Klett units, as measured in a Klett-Summerson colorimeter with a green (no. 540) filter. These cultures were shaken at 37°C in the presence of COz 5% until mid-log-phase growth was achieved (60-70 Klett units). Samples were removed and inoculated into fresh pre-warmed SJ-GC broth, with and without 50 p~ DF. After this second growth cycle to ensure depletion of internal iron stores, samples were again removed at mid-log phase and the optical density was adjusted to 250 Klett units. After washing with 50 mM Tris-HC1, pH 8.0, the cells were suspended in 1 ml of high salt buffer and subjected to the affinity-resin binding protocol as described above.
Assessment of whole cell integrity
Cells, grown under iron-rich and iron-limited conditions as described above for the whole-cell binding assay, were suspended in high salt buffer. The extent of cell lysis was assessed by a comparison of the P-lactamase activity present in whole cells, in the culture supernates and in sonicated cells ; P-lactamase activity was monitored by following the enzymatic hydrolysis of nitrocephin spectrophotometrically at 482 nm at 35"C.14 Negative controls were the above mixtures, and high salt buffer, and SJ-GC broth, with and without 50 p~ DF, and without the substrate. A purified TEM-1 P-lactamase preparation (kindly supplied by A. Godfrey) was a positive control.
SpeciJicity of HmBPs
The specificity of the HmBPs was assessed by competition binding experiments in which total membranes derived from gonococcal cells grown under iron-limited conditions were incubated in 50 mM Tris-HC1 and 1 M NaCl, pH 8.0, with various concentrations of haemin and non-haem-containing compounds at 37°C for 1 h before binding to the haemin-agarose column. After washing the affinity gel under high salt conditions, the HmBPs were eluted as described previously.
Ident@cation of the gonococcal lactoferrin and transferrin receptors
Gonococcal lactoferrin receptor (LfR) and transferrin receptor (TfR) activity was assessed by the solid-phase dot binding assay with horse radish peroxidase-conjugated probes described previously. 6 The receptor proteins were identified by an affinity procedure with biotinylated human Lf and human Tf and streptavidin-agarose.
T M B Z detection of HmBPs
Functional binding of the HmBPs was ascertained by binding iron-limited total membranes with bovine haemin at 37°C for 1 h before separation on lithium dodecyl sulphate polyacrylamide gel electrophoresis (LDS-PAGE) by a modificati~nl~ of the procedure of Delepelaire and Chua. The haemin-protein complexes were detected by staining the gels with the chromogenic substrate TMBZ, a method that capitalises on the intrinsic peroxidase activity possessed by haem.". '*
Electrophoresis
Membrane and haemin-affinity-purified proteins were analysed by SDS-PAGE with the discontinuous buffer system of Laemmli. l9 Gels, comprising acrylamide 5% w/v stacking and 12% w/v separating components with bisacrylamide 0.08% were electrophoresed at 150V constant voltage. The gels were then stained with silver.20 Mol. wts were determined by comparison with known proteins as standards.
Results
Growth experiments
All strains were capable of using haemin and haemoglobin as the sole exogenous iron source. No functional differences were observed between the ability of these haem-containing proteins and Fe(NO& to support the growth of iron-limited gonococci.
Purification of HmBPs in N . gonorrhoeae strain PID.543
Two haemin-binding proteins of 97 and 44 Kda were isolated by haemin affinity-chromatography ( fig.  1, lane d) . The elution profiles of the low and high salt washing protocols were identical. These proteins were not degradation products or derivatives from the agarose matrix because they were absent when the affinity resin alone, without applied membranes, was subjected to the affinity protocol ( fig. 1, lane 8) . Detergent solubilisation of the membranes before binding to the matrix-bound haemin also precluded the isolation of the binding proteins ( fig. 1, lane h) . This suggested that the binding of the proteins to their ligand is a conformationally dependent event. The interaction of these proteins with the immobilised haemin was specific; their retention was completely removed by pre-incubation of the intact membrane preparations with progressively increasing concentrations of haemin ( fig. 2) . Although not a formal demonstration of kinetic properties, the kinetics of this competitive inhibition displayed a saturation-like profile since haemin concentrations in excess of 10 p~ precluded binding of the HmBPs to the haeminagarose. This binding specificity extended to other haem-containing compounds ; the presence of hHb and equine cytochrome c1 at concentrations above 1 p~ and 10 PM, respectively, also abrogated adsorption of these two polypeptides to the affinity gel ( fig. 3,   Fig. 1 . Silver stained polyacrylamide gel of proteins from total membranes (lanes a and c) and affinity-purified HmBPs (b and d) from N . gonorrhoeae strain PID543 grown under iron-rich ( -DF) (a and b) and iron-restricted ( + DF) (c and d) conditions. HmBPs were not detected after affinity-purification of proteins from cells grown in iron-deficient medium supplemented with 100 ,UM Fe(NO,), (e) or 12 ,UM bHm (f). Eluates from affinity columns to which no total membranes were added were devoid of proteins (-TM) (g). HmBPs were not detected when membranes from irondeficient cells were solubilised with detergent before affinitypurification (h). Positions of standard proteins (Kda) are shown. lanes a and b). In contrast, no binding inhibition was observed when membranes were pre-incubated with two non-haem iron-containing proteins, iron-loaded Lf and iron-loaded Tf ( fig. 3, lanes e-h) . Protoporphyrin IX, the immediate precursor of haem in the haem synthetic pathway, was also incapable of blocking binding ( fig. 3, lanes c and d) . Bands denoted by (a) were contaminating proteins present in the 2-mercaptoethanol(2-ME) in the elution sample buffer. They were present only when the reducing agent was ential retention of the 97-Kda protein after the wash with 2~ guanidine hydrochloride (fig. 4, lane d) indicated that this protein bound more avidly to haemin. included in the sample buffer ( fig. 3 , lane i) and were absent when it was omitted ( fig. 3, lanej) .
To determine the relative affinity of the two binding proteins for haemin, the affinity resin was subjected to high salt washes of increasing stringency with GnHCl in concentrations of 250 m~-2 M (fig. 4) . The prefer-
Anatomical localisation of the HmBPs
The HmBPs could not be localised to either the outer-or inner-membrane fractions, irrespective of the separation method used. Because this result suggested that the HmBPs were functionally very labile, a whole-cell binding assay was performed to demonstrate their membrane topography. The isolation of the HmBPs from whole cells grown under ironlimited conditions (fig. 5, lane b) , and not from whole cells grown under iron-rich conditions (fig. 5, lane a) , indicated that these HmBPs were both surfaceexposed and iron-regulated. No polypeptides were isolated when iron-limited SJ-GC medium alone was subjected to the affinity protocol.
P-Lactamase activity
No p-lactamase activity was detected in the supernates of cells grown under either iron-limited or iron-rich conditions. Similarly, control mixtures comprising either the high salt buffer or SJ-GC broth with and without 5 0 p~ DF were devoid of p-lactamase activity. In contrast, the whole-cell lysates and the purified TEM-1 preparation hydrolysed the nitrocefin substrate. These results indicated that cell lysis was minimal in the cultures used in the whole-cell binding assay.
Expression of the HmBPs
HmBPs were detected only under conditions of iron-limitation ( fig. 1, lane d) . In contrast, no HmBPs were isolated from total membranes grown under ironrich conditions ( fig. 1, lane b) . Similarly, when the iron-deficiency was removed by the addition of 100 p~ Fe(NO& (fig. 1, lane e) or when bHm was provided as the sole exogenous iron source ( fig. 1, lane f) , no HmBPs could be affinity-purified from the membranes. These results indicate that the expression of these binding proteins was iron-regulated.
Isolation of HmBPs from other gonococcal strains
Two HmBPs, identical in mol. wt to those found in strain PID543, were present in three other clinical gonococcal isolates ( fig. 5) . Neither qualitative nor quantitative differences were seen in the HmBPs among these strains causing disseminated gonococcal infection (W003), urethritis (W 175) or pelvic inflammatory disease (PID615).
TMBZ staining for the HmBPs
No bands were visualised when haemin-affinitypurified iron-deficient total membranes were separated on LDS-PAGE and stained with TMBZ for haem-associated peroxidase activity. Under identical conditions, human Tf and bHm, which served as the negative and positive controls, respectively, produced the appropriate results. The absence of TMBZ staining was not unexpected because the denaturing conditions used to elute the HmBPs might be anticipated to produce non-functional proteins. However, similar negative results were obtained when gels containing iron-limited native total membranes, which were incubated with 1 mM bHm for 1 h at 37°C either before or after LDS-PAGE, were stained with TMBZ. Since the haem-protein signals on LDS-PAGE gels after TMBZ staining depend upon the preservation of this haem-protein interaction, these results indicated that this interaction could not be maintained by this procedure, despite the mildness of the solubilisation and electrophoretic conditions used. Alternatively, the copy number of the HmBPs may be below the sensitivity of the TMBZ assay.
Identification of the Lf and Tf receptors
LfR and TfR activity was present only under conditions of iron-deficiency . Similarly, the concurrent detection of the receptor polypeptides occurred only during iron restriction. The mol. wts of the LfR (101 Kda) and the TfR (a complex of two proteins of 98 and 68.5 Kda) were as described previously.' These results served both to internally validate the protocols used for iron starvation and to demonstrate that the HmBPs were clearly distinct from either LfR or TfR.
Discussion
This study has demonstrated the presence of two iron-regulated haemin-binding proteins in N . gonorrhoeae. This conclusion is supported by several lines of evidence. Firstly, the binding of these proteins to haemin exhibited specificity, concentration-dependent saturability and reversibility ; these characteristics satisfy the generally accepted functional definition of a receptor-ligand interaction. 2 The enhanced ability of haemoglobin, compared to haemin or cytochrome c, ,, to inhibit binding may be attributed to steric hindrance or its tetrameric composition. The inability of protoporphyrin IX to competitively inhibit binding suggested that the presence of iron within the porphyrin ring was required for its recognition as a legitimate ligand. In this context, the effectiveness of metalloporphyrins with substituted central metals in displacing haem-binding would be of interest. Secondly, the proteins were isolated only in the presence, and not in the absence, of iron-depleted total membranes, indicating that they were not derivatives of either the ligand or the affinity matrix used in the procedure. The inability to isolate these polypeptides from iron-sufficient membranes indicated that these binding proteins were iron-regulated.
Alternatively, these binding proteins may represent cytoc hrome proteins. This explanation is unlikely because the mol. wts of described denatured monomeric bacterial cytochromes are smaller than that of the HmBPs.22 Moreover, cytochromes exist either in soluble form in the periplasmic space or bound to the inner membrane, and are not exposed on the surface of the outer membrane, as is the case for the HmBPs.
Despite observations that haem and haemoglobin can . support in uitro the growth of iron-restricted gonococci,*' and presumably serve as the sole source of exogenous iron for the organism in vivo, 8 nothing is known about the mechanism of iron acquisition from these compounds. Because iron uptake from Lf and Tf in the gonococcus6~' proceeds by a receptormediated siderophore-independent mechanism, haem-iron acquisition may involve a similar mechanism. In eukaryotic cells, haem translocation across membranes is postulated to be a function of a haemspecific binding moiety or r e~e p t o r . *~-~~ Since this proposal would predict, by definition, the existence of iron-regulated haem-specific binding proteins, these data are consistent with the ironregulated HmBPs isolated in this study representing these postulated components. Outer-membrane proteins whose expression is iron-regulated are integral constituents of iron uptake in other bacterial speIn particular, in Huernophilus cies. 4, 12, [21] [22] [23] [24] [25] [26] [27] [28] [29] inzuenzae, the augmented production of a 43-Kda outer-membrane protein under conditions of haemin starvation suggests that it plays a role in haemin t r a n~p o r t .~' -~~ A second requirement of this hypothesis is the necessity for ligand-cell surface contact. Results derived from dialysis sack growth experiments, in which haemoglobin sequestered in a dialysis membrane was incapable of serving as the sole exogenous iron source, have corroborated this prediction (unpublished data). Furthermore, on the basis of the functional importance of the HmBPs in iron acquisition, interstrain structural and mol. wt conservation of these polypeptides might be anticipated. This was observed in the limited survey of gonococcal strains ( fig. 5, lanes a-d) . This hypothesis, that the gonococcus has evolved a family of distinct receptors involved in iron-acquisition, is further supported by observations that the organism expresses a differential subset of iron-regulated proteins that depends upon the particular iron source used? The co-ordinate expression of such a vast array of receptors would endow the gonococcus with a distinct survival value, permitting the organism to effectively scavenge whatever available iron exists in the iron-restricted environment of the human host.
